In order to investigate the solidification cracking susceptibility of alloy tool steel under rapid solidification, the cracking behaviors were dynamically observed with the high speed camera. It was clarified from the experimental results that the reduction of Si, and P content can decrease the susceptibility in the indexes of the minimum ductility (ε min ), the critical strain rate for temperature drop (CST) and Brittle Temperature Range (BTR). This could be explained by the behavior of liquid phase estimated by the microsegregation model. It is understood that the film like region at the last stage of solidification was finished early due to the reduction of segregation. Therefore, the reduction of Si and P content can be effective in decreasing the risk of solidification crack.
Introduction
The repair welding is increasingly applied to the die industries 1-4） . The main advantages are well known economic and time saving compared to machining a new die. It is necessary to secure the quality of a repair part with same welding material, since the die is used on a special condition. However, alloy tool steel, SKD61 of JIS (Japan Industry Standard) G4404 is sensitive to the solidification cracking, because of the high carbon material 5） . In fact, the solidification cracks are initiated in the repair welding parts. This is certainly because the re-partition of solute changes due to the rapid solidification Therefore, the information about the microstructure evolution during the rapid solidification was obtained by the Time Resolved X-ray Diffraction (TRXRD) technique using intense synchrotron radiation. It was found that the solidification mode was In this work, the influence of the Si and P reduction under rapid solidification was examined. G4404. TH4 assumed the low susceptibility material due to the reduction Si and P content, compared to basic TH1.
Experimental procedure

Materials used
The materials used were made in an induction furnace. It was homogenized at 1473K for 7200s (2hr) and forged at temperatures between 1473K and 1173K followed by air cooling.
The specimens were machined in the size of 150 x 50 x 12mm.
Hot cracking behavior by using high speed camera
The influence of the Si and P reduction under rapid solidification was evaluated by the in-situ observation of the cracking behavior by using the high speed camera 8-9） . Figure 1 schematically shows a system of the in-situ observation. University.
solidification mode under rapid solidification was reproduced by the following condition. The welding condition were; welding current of 150A, arc voltage of 10V, traveling speed of 10mm/s.
Helium was then used as the shielding gas with a flow rate of 0.5l/s, since it can be secured the penetration depth to directionally solidify
11）
.
The in-situ observation was started at 250frames/sec in a magnification of x50. The high speed camera was positioned at 20 degree against the TIG torch, since the moving of one was hindered. The neutral density filters were used to limit the light intensity of arc plasma and the xenon lamp was utilized to improve the image contrast.
For investigation of the relation between the cracking behavior and the temperature, the cooling profile was measured by plunging a thermocouple into the weld metal behind the arc at the weld center. 
Result and discussion
Initiation and propagation of solidification cracking
The sequences of the cracking behavior under rapid solidification are shown in Fig.2 . The elapsed time is defined as the starting point (t=0ms), when the solidification cracking was initiated. The crack initiation occurred at about 0.7mm behind the solidification front in TH1, while it was about 0.5mm in TH4. In both materials, the cracks were propagated to higher and lower temperature region, after that the crack developed no longer than the elapsed time of 8ms
The relations between the elapsed time after the crack initiation and the distance of the crack tip in the higher and lower temperature region is shown in Fig.3 . The crack length expanded with the elapsed time and gradually saturated to the finite value.
The maximum crack length was 4.02mm in TH1, while it was 1.83mm in TH4 at the augmented strain of 2%. The maximum crack length in TH1 was corresponding to the reported that
7）
Therefore, it is thought that the high temperature ductility in TH1
is extremely low, since the initial propagation velocity of cracks in TH1 was higher than that of TH4. 
Comparison of ductility curves
As well known, the resistance to solidification cracking can be expressed with the ductility curve which is given the relation between the temperature and the strain.
By the image analysis after the in-situ observation, it is necessary to measure the local strain producing the crack initiation and propagation. The measuring method of the local strain is shown in Fig.4 . It should be noticed that there are many spotty marks on the surface of weld metal. It can be utilized as the reference points of gage length to measure the local strain.
The initial gage length is very important and must be determined before the crack initiation. The local strain can be thus estimated by equation (1) .
For investigation of the relation between the cracking behavior and the temperature, the crack length must be converted into the BTR using the cooling profile measured, as the temperature drop from the liquidus line.
The comparison of ductility curves is shown in Fig.5. TH4 was the low susceptibility material in the indexes of the minimum ductility (ε min ), the critical strain rate for temperature drop (CST) and BTR, compared to that of TH1. It was proved from this result that the reduction of Si and P content can be effective in decreasing the risk of solidification crack.
Liquid faction and solidification cracking susceptibility
The liquid firm region at last stage of solidification is extremely sensitive to the solidification cracking. That region is below the liquid fraction of 10%. It is well known that the transition of liquid fraction is the important factor. Therefore, the relation between the solidification cracking susceptibility and the liquid fraction was estimated by the microsegregation model. In this model, the equation (2) 
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Here, the back diffusion parameter, Ω is defined by equation (3) and α is given by equation (4) . Table 2 shows the parameters used in this model 13-16） . The calculation was carried out for a Fe-C-Si-Mn-P-S-Cr,-Mo-V system. The relation between the temperature and the transition of liquid fraction is shown in Fig.6 . The decrease of the liquid phase in TH4 was more remarkable than that of TH1. It was understood from calculation results that the film like region in TH4 is finished early due to the reduction of segregation. Therefore, the improvement of solidification cracking susceptibility by Si and P reduction could be explained with the mass of liquid at the last stage of solidification.
Moreover, the crack initiation point was corresponding to the fraction of 5% for liquid in both materials. It was taken that the liquid firm region at last stage of solidification was sensitive to the solidification cracking under rapid solidification.
Conclusions
The solidification cracking susceptibility of alloy tool steel under rapid solidification was investigated by the in-situ observation system. It was clarified from experimental results that the reduction of Si and P content can be effective in decreasing the risk of solidification crack. This could be explained with the mass of liquid at the last stage of solidification. It was then taken that the liquid firm region at last stage of solidification was sensitive to the solidification cracking under rapid solidification.
